[1] Analysis of 412 solar radio burst events in the microwave range [1. 2--18] GHz that were measured at the New Jersey Institute of Technology Owens Valley Solar Array over 2 years (2001--2002) during the peak of the 23rd solar cycle is conducted in the context of the possible interference of such bursts with radio-receiving and radar systems that operate at these frequencies. It is found that there is a small probability for solar interference for systems operating at a frequency n > 2.6 GHz and with a typical noise floor, but the probability increases significantly at lower frequencies. The probability is greater for more sensitive systems operating with higher gain, but the likelihood of interference can be partially ameliorated by an increase in the operating frequency. Finally, our statistics indicate that it could be beneficial for radio and radar systems operating below 2.6 GHz to employ an adaptable mode wherein, if the prediction of solar activity suggested the possible occurrence of a large radio burst, system operators could switch operations to a less susceptible frequency band above 2.6 GHz.
Introduction
[2] Following the discovery of solar radio bursts through their interference with early radar systems in 1942 during the Second World War [Hey, 1946] , the understanding and prediction of solar events that might produce interfering noise signals in radar and other radio-receiving systems have been of considerable engineering interest. In the last decade, as the use of wireless communications has become almost ubiquitous, there has been a simultaneous, increasing interest in the potential interference of solar bursts in wireless systems [e.g., Lanzerotti et al., 1999 Lanzerotti et al., , 2002 Nita et al., 2002] . Most radio-receiving systems are designed to avoid distributed background noise sources. In contrast, the Sun represents a point-like noise source. The characteristics of such a source must be understood in order to optimize the operation of radio-receiving systems, including wireless, that can point in the vicinity of the Sun during intervals of their operation. Investigations as to the potential vulnerabilities of receiving systems to this solar point source could also be applicable to the amelioration of other potential point noise sources (such as a terrestrial pointto-point microwave communication transmitter).
[3] The amplitudes of solar radio bursts are well known to be strongly dependent on frequency in the range [1 --18] GHz, a dependence that is driven by the physical mechanisms that produce the bursts. It is also at the lower frequencies in this frequency range that contemporary wireless systems operate. Radar systems often operate at and below these frequencies as well. At frequencies in this band below $3 GHz the stronger solar radio emissions are largely produced by coherent plasma emissions, whereas above this frequency the emission is mainly gyrosynchrotron emission, the result of the gyromotion of energetic electrons in the solar magnetic fields [e.g., Bastian et al., 1998 ]. The separation region between these two emission processes varies from solar event to solar event and is often marked by a relative amplitude minimum in the frequency spectra of solar radio noise [e.g., Castelli and Guidice, 1972; Guidice and Castelli, 1975] , although for large bursts [Lee et al., 1994 ] the amplitude minimum may be absent within this frequency band. Therefore an investigation of the statistics of occurrence of such amplitude minima could be of considerable interest in the design of some wireless and other systems. Such systems might be designed to utilize frequencies that are less susceptible to large noise amplitudes and could be designed with the ability to frequency hop in order to optimize performance under adverse solar conditions.
[4] Nita et al. [2004] have examined a 2-year set of radio burst spectra that were obtained at the Owens Valley Solar Array (OVSA). These data, obtained during the maximum period of solar cycle 23, are ideal for examining the statistics of solar radio burst amplitudes as a function of frequency in the GHz band of most interest for many contemporary radio-receiving systems. We examine in more detail in this paper the report of Nita et al. [2004, Figure 2 ] that, on a statistical basis, there appears to be a possible preferred frequency range (in the lower-gigahertz band) for solar radio emission flux densities that are lower than at other frequencies, and we discuss some implications of this particular frequency range for radio system design.
Data Set
[5] The solar radio burst data set analyzed by Nita et al. [2004] was obtained at the Owens Valley Solar Array [e.g., Gary and Hurford, 1999] . Data from the four 2-m radio antennas were used. These antennas provide total solar radio intensity with a 4-s time resolution at typically 40 frequencies spaced roughly logarithmically across the range [1.2 --18] GHz. Calibration of the data is accomplished using the quiet Sun total flux density as reported by the National Oceanic and Atmospheric Administration (NOAA) Space Environment Center, Boulder, Colorado. Details of the calibration as it relates to the discussions in this paper are contained in work by Nita et al. [2004] . Details of the sensitivity limit and saturation level for the instrument are also found in this reference.
[6] The basic data product for each identified solar burst is a dynamic spectrum from each of the four 2-m antennas. After examination of the four spectra obtained for each burst and the discarding of any that may be suspect because of instrument malfunction or other problems, an average dynamic spectrum for each burst is calculated and is saved for the subsequent statistical analysis.
[7] A total of 412 bursts was identified and used in the analysis. Of these bursts, 228 were from the year 2001, and the remainder (184) were from the year 2002. These years were the approximate peak of the 23rd solar activity cycle. A typical radio spectrum consisting of two amplitude maxima is shown in Figure 1 for one specific time in the burst of 10 April 2002. The relative minimum in the frequency spectrum in this burst is evident at $2.8 GHz.
Data Analysis
[8] Analyzing the spectral peak evolution of each spectral component identified in the 2001 --2002 OVSA data set, Nita et al. [2004] better quantified the two radio burst populations that are known to exist in the microwave range [Guidice and Castelli, 1975] , namely, decimetric and centimetric solar radio emissions. The superposition in the [1.2 --18] GHz frequency band of these two populations, one limited by an upper frequency of $2.6 GHz and the other limited by a frequency-dependent spectral peak flux density approximately described by a $300 n GHz 2 solar flux units (1 sfu = 10 À22 W m À2 Hz À1 ) power law, resulted in a well-delimited region in the frequency-flux domain in which no spectral peak was observed. A similar result was reported by Nita et al. [2002] , who, analyzing a 40-year radio burst data set compiled by NOAA, noticed a lack of events peaking above 1000 sfu at intermediate centimetric wavelengths . This finding may be of particular importance in the context of radio-receiving systems, since a gap in solar radio noise level is suggested in the radio frequency band of most interest for the contemporary devices. However, from this perspective one should be aware that the spectral peak limit does not tell the whole story with regard to the limit of radio emission in a particular frequency range. Figure 2 indicates that a more appropriate magnitude to be monitored in relation to radio burst interference likelihood is the maximum flux envelope of each burst, defined by the maximum flux recorded at each frequency at any time during the burst evolution.
[9] The importance of this parameter is illustrated by the two examples shown in Figure 2 , where the blue short-dashed lines represent the constraints on spectral peak evolution determined by Nita et al. [2004] . The solar burst in Figure 2a (25 August 2001) has a single spectral peak in the frequency band measured, and this spectral peak progresses to higher frequencies as the event develops (red dash-dotted line) without crossing the gyrosynchrotron spectral peak boundary set by the inclined blue Figure 1 . A typical radio spectrum consisting of two density flux maxima (10 April 2002, after 1900 UT). The relative minimum in the flux density spectrum of this burst is evident at $2.8 GHz. A functional fit of the form given by Nita et al. [2004] is shown by the solid curve superimposed on each component. The two vertical lines mark the highest and the lowest frequency included in each fitting range.
short-dashed line. However, during the evolution of this event the emission below the peak (below 7 GHz) does exceed this frequency-dependent flux limit.
[10] The burst shown in Figure 2b (6 April 2001) has two spectral peaks, one below and one above 2.6 GHz. While the spectral peaks evolve inside the limits set by the blue short-dashed lines, these limits are again crossed by the radio emission between the peaks. In both Figures 2a and 2b the black dashed lines indicate the maximum flux reached at each frequency during the burst evolution. This is the magnitude that is relevant for potential interference in wireless systems and whose statistical distribution we analyze in this study.
[11] Shown in Figure 3 are the maximum flux densities (in solar flux units) of the 412 solar radio bursts (abscissa) plotted as a function of frequency (ordinate). The blue dashed lines (the horizontal one at 2.6 GHz and the power law 300 n GHz 2 ) represent the empirical limits of spectral peak evolution found by Nita et al. [2004] . During 2 years of observation, only 11 bursts out of 412 ($3%) displayed flux density levels that, at frequencies other than the instantaneous spectral peak, crossed into the flux-frequency domain situated to the right of the diagonal blue dashed line and above the horizontal blue dashed line. However, this number represents 65% of the 17 bursts exceeding 1000 sfu above 2.6 GHz, which points to the need for more careful analysis of the maximum flux distribution of largescale bursts in order to set more accurate limits for the solar radio burst emission in the microwave range.
[12] Using the flux density versus frequency plots for all of the events (Figure 3) , distributions of the total number of events with fluxes above given amplitude levels were determined for each of the individual frequencies at which measurements were made. Shown in Figure 4 are repre- : two flux density peaks below and above 2.8 GHz and evolution of spectral peak above 2.6 GHz (red dash-dotted line). The portion of the flux frequency domain to the right of the vertical blue short-dashed line and above the diagonal blue short-dashed line is the forbidden domain for spectral peak evolution empirically found by Nita et al. [2004] . The black long-dashed lines represent, in each case, the envelope of maximum flux recorded at each frequency.
sentative cumulative distributions for 12 of the 40 frequencies that were measured. The solid lines that are plotted through each of the distributions are the best power law fits over the flux density range 30 --1000 sfu. The distributions are seen to roll over at the lowest flux levels. This is likely caused by decreased instrument sensitivity at very low flux densities.
[13] The distributions in Figure 4 show a systematic change with frequency in the behavior above $1000 sfu. At the lowest frequencies a single power law adequately fits the entire distribution. However, between $2.6 and $7 GHz the distributions at flux levels above 1000 sfu fall below the extrapolation of the power law fits. For frequencies in the range above 10 GHz, however, the distributions at radio flux levels above 1000 sfu tend to systematically exceed the extrapolated power law fits. Thus these cumulative distributions demonstrate clearly that at large amplitudes (>1000 sfu) there is a deficiency in the number of events in the range 2.6 --7 GHz. See J. Lee et al., Non-thermal electrons in solar flares derived from microwave spectra, submitted to Astrophysical Journal (2004), for a discussion of the physical processes underlying the behavior of these distributions.
Discussion
[14] The work of Nita et al. [2004] showed the existence of a particular frequency range in which the solar radio bursts are less likely to reach high flux density levels than in the adjacent frequency ranges. However, the discussion in section 3 shows that statistics based purely on peak frequencies, as done by Nita et al. [2004] , are misleading. The current study re-examines the data set using statistics of the maximum envelope of the flux density spectrum, which is more appropriate for investigating potential interference of wireless systems by solar bursts. Figure 3 . Flux density envelopes (in solar flux units (sfu)) for 412 solar radio burst events (abscissa) plotted as a function of event frequency (ordinate). Each colored line traces out the maximum flux density measured at each frequency. The portion of the frequency-flux domain to the right of the diagonal blue dashed line and above the horizontal blue dashed line is the forbidden domain for the microwave spectral peak evolution empirically found by Nita et al. [2004] . It may be seen that while the spectral peaks of the bursts did not exceed 300 n GHz 2 sfu at any frequency above 2.6 GHz during the burst evolution, 11 of the most intense bursts crossed this limit at frequencies other than their instantaneous spectral peaks, as shown by the examples in Figure 2 .
[15] This new study again shows that there exists a preferred frequency range, as further quantified by the display in Figure 5 . Here contour plots of radio flux levels reached, or exceeded by, a given number of bursts are shown by the solid colored lines. The numbers beside each of the lines (contour level) indicate the number of bursts, ranging from 1 burst (red) to 200 bursts (black). Each pair of colored dashed lines represents the ±3s level predicted from the power law fits of Figure 4 , while the solid lines of the same color show the corresponding observed level. Where the solid lines fall to the left of the dashed contours, the observed number of bursts is lower than expected. The horizontal solid blue line in Figure 5 corresponds to the empirical dividing line of Nita et al. [2004] between decimetric and centimetric radio burst populations.
[16] The contour plots in Figure 5 , with the ±3s statistical bands, reveal large deviations of the observed burst number levels from the predicted power law levels. These large deviations, which cannot be explained in terms of statistical fluctuations, persist to approximately the 10 burst contour level shown in Figure 5 .
[17] The flux density corresponding to the thermal noise floor, F TN , for a basic wireless cell site system can be given in sfu as 
where n is given in GHz and h is a dimensionless factor, h = (T/273K)/(G/10), that equals unity for a receiving system operating at room temperature and with an antenna gain G = 10. The inclined solid lines in Figure 5 correspond to the expected thermal noise levels in a receiving antenna (equation (1)) for values of h = 1, 1/2, 1/3, 1/4, and 1/5, Figure 4 . Number of solar radio burst events with fluxes above given amplitude levels for 12 of the 40 frequencies at which measurements were made. The solid lines plotted through each of the distributions are the best fit power laws over the flux amplitude range 30 --1000 sfu. The power law slopes and their 1s standard deviations are shown on each plot.
decreasing from right to left as indicated by the labels associated with the two extreme values. A smaller h indicates a more sensitive system, due either to higher gain or the use of cryogenic cooling.
[18] Considering the results in Figure 5 , it can be concluded that a receiving antenna that is operating above 2.6 GHz has small probability to be affected by a high flux solar burst for operations at or above the h = 1 noise level. The probability becomes higher for higher-sensitivity systems operating at lower values of h.
[19] The results in Figure 5 also suggest that for lower values of h an increase in the operating frequency at the time of a burst would tend to offset the decrease in probability of interference from a given burst event. This suggests that radio and radar systems could be designed to operate in an adaptable mode. In this mode a system that normally operates below 2.6 GHz could be switched to operate at a less susceptible frequency band above 2.6 GHz if a radio burst were to occur. The frequency agility for the operations of a system could be accomplished either by active operator intervention or by an automatic process. In either case the decision process could be initiated, in the ideal case, using predictions (from other solar observations) of the likelihood of occurrence of solar activity that could produce an interfering radio burst event.
Summary
[20] During a 2-year period in the recent 23rd solar cycle maximum, some 412 solar radio bursts in the frequency range [1.2 --18] GHz were analyzed. The results that were found that are relevant to the operations of radio-receiving systems such as wireless and radar include the following: (1) There is a decreased probability for solar interference in such systems that may be operating at frequencies above $2.6 GHz; (2) during the data interval analyzed, there was found to be little probability for solar activity to interfere with a wireless cell site operating at frequency Figure 5 . Contour plots (solid colored lines) of radio flux levels reached, or exceeded by, a given number of bursts at six different burst number levels (integer labels). The percentages associated with each integer label are reported to the total of 412 bursts in the database. The dashed lines represent the ±3s ranges predicted for the same levels using the power law fits presented in Figure 4 . See text for further explanation. The horizontal solid line represents the 2.6 GHz empirical upper limit of decimetric emission . The inclined solid lines correspond to the expected thermal noise levels in a receiving antenna (equation (1)) for values of h = 1, 1/2, 1/3, 1/4, and 1/5, decreasing from right to left as indicated by the labels associated with the extreme h values.
n > 2.6 GHz with a typical noise floor of h = 1; and (3) an increase in the likelihood of solar interference that can occur with system operations at h < 1 could be partially ameliorated by an increase in the operating frequency. We emphasize that these conclusions and discussions are based on 2 years of solar radio burst data obtained during the latest solar maximum time; nevertheless, the results likely are representative of general solar radio conditions during solar active times. We are proceeding to extend these studies as the solar cycle evolves over the next years.
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